Introduction
Over the past few decades, there have been many reports on the application of magnetic-fluorescent nanomaterials in biological labeling/imaging. Conventional organic fluorophores and semiconductor quantum dots always suffer from several disadvantages, including high background noise and considerable photodamage to biological materials associated with ultraviolet (UV) excitation, low photobleaching threshold, and potential long-term toxicity. [1] [2] [3] [4] [5] Therefore, it is highly desirable to develop new-generation bioprobes to circumvent the above limitations of traditional ones. Upconversion nanocrystals (UCNPs) converting near-infrared (NIR) excitation into a visible emission through lanthanide doping have emerged as promising candidates in the field of biophotonics and biomedical imaging. They offer high photo-and chemical stability, sharp emissions, and large anti-Stokes shifts when compared to the conventional luminescent materials. 6 Due to the electronic transitions of rare-earth (RE) ions between the 4f energy level, RE compounds are regarded as potential laser host materials, oxygen ion conductors, and fluorescent lamp phosphors. Moreover, they are superior to downconversion materials in that they: have deeper light penetration depth without tissue autofluorescence; have an absence of photobleaching and photoblinking; and cause less harm to biological specimens. [3] [4] [5] 7 The reported matrix material examples include NaYF 4 nanocrystals, [8] [9] [10] zinc sulfide nanoparticles, 11 zinc oxide nanoparticles, 12, 13 lanthanide oxides, 14, 15 and so on. Phosphate compounds are also an appropriate matrix for RE ions because they are stable at high temperatures and hence can overcome the drawbacks of poor thermal stability and mechanical properties of other RE compounds. [16] [17] [18] RE phosphates have been considered as good candidates for phosphors, catalyst, biological detection, and so on. 19, 20 Furthermore, varying the trivalent lanthanide ions (Ln 3+ ) concentration or introducing two or more types of Ln 3+ ions into a suitable host changes the luminescence properties of these materials. In upconversion materials, Yb 3+ is the most widely employed sensitizer because of its high absorption cross-section at ~980 nm. It may efficiently transfer the absorbed photons to the emitting Ln 3+ energy level, resulting in a light emission ranging from the UV to NIR that may be employed in various industrial applications. 6, 21, 22 Magnetic resonance imaging (MRI) is one of the most powerful bioimaging techniques in tumor theranostics, because it provides precise anatomical information with deep penetration into tissue in a noninvasive manner. 23, 24 Fluorescence imaging is also one of the most significant applications of luminescent nanoparticles in bioanalysis for detection and sensing. Many studies have shown that the use of MRI and fluorescence imaging are complementary to each other in the aspect of spatial resolution and depth perception. For this reason, efforts have been devoted to synthesize and investigate materials which are fluorescent-magnetic bimodal. 11 Photodynamic therapy (PDT) is a treatment of cancer performed in a noninvasive mode and involves the use of light with specific wavelength and PDT drugs called photosensitizers (PS). The mechanism of PDT is based on the photochemical reactions between surrounding oxygen and PS. When exposed to a specific light, PS produces cytotoxic reactive oxygen species (ROS) which can induce apoptosis of cancer cells. Being a minimally invasive therapeutic modality, PDT has gained increasing interest in biotechnology. However, some drawbacks, including limited penetration depth of the specific light and poor water solubility of PS, greatly limited the clinical development of PDT. 25, 26 NIR light-triggered PDT that utilizes specific light with excitation wavelength in the NIR region can overcome the drawbacks of traditional PDT because the NIR region is a light-transparent window in the tissue due to less absorption and less scattering than visible light, and hence has deeper penetration than visible light. Moreover NIR light can effectively reduce the photosensitivity of PS to ambient light. [27] [28] [29] [30] However, most of the photochemical reactions of available PS can only be activated by visible light rather than NIR light. UCNPs therefore are anticipated to act as nanotransducers to solve the problems that traditional PDT has faced, since they can convert NIR light to visible light which is necessary to activate the photochemical reactions of PS.
It is believed that PS drugs combined with the UCNPs can further enhance the efficiency of PDT treatment because the small size of nanoparticles favors the delivery and excretion of the PS as a PDT drug. As a result, many types of UCNP/ PS-based PDT drugs have been developed in the past few years. [31] [32] [33] The first report on UCNP-triggered PDT was performed by Zhang et al in the year 2007. 32 The UCNPs used in this study are NaYF 4 :Yb
3+
,Er 3+ photo upconverting nanoparticles, which were coated by a porous silica shell. Merocyanine 540 (MC540) with the maximum absorption at 540 nm was used as PS drug, and encapsulated into the silica layer during the coating process. In vitro PDT tests were performed to confirm the PDT cytotoxicity of the MC540-coated UCNPs toward MCF-7/AZ breast cancer cells. In order to bring the UCNPs close enough to the target cancer cells, a mouse monoclonal antibody, anti-MUC1/episialin, was covalently attached to the UCNPs based on the antigen-antibody interaction with good specificity. Fluorescent property studies showed that the UCNPs excited by 974 nm infrared source could emit strong upconverting light with wavelengths of 537 and 635 nm. The upconverting light was then absorbed by MC540 and generated ROS to kill the MCF-7/AZ breast cancer cells.
Other examples on the application of UCNP/PS composite nanomaterials for PDT include zinc phthalocyanin (ZnPc)-folic acid-poly(ethylene imine) /NaYF 4 
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YbPO 4 :er,Dy microspheres designed for tumor theranostics fluorescence which can be absorbed by MC540 loaded onto the microspheres and kill tumor cells via PDT mechanism. In order to achieve enhanced antitumor effect based on synergistic therapeutic efficacy of PDT and chemotherapy, a chemotherapy drug termed doxorubicin (DOX) was loaded onto the YbPO 4 :Er,Dy microspheres.
Material and methods Material
All reagents used were of analytical quality. For the synthesis, the following reagents were used: Yb 2 For cell culture experiments, the following reagents were used: Roswell Park Memorial Institute (RPMI)-1640 medium and fetal bovine serum (FBS) from HyClone, Thermo Scientific, Logan, Utah, USA; methyl thiazolyl tetrazolium (MTT); trypan blue (TB); dimethyl sulfoxide; MC540; and DOX from Sigma-Aldrich Co., (St Louis, MO, USA). The medium was supplemented by antibiotics to inhibit bacterial growth. Penicillin and streptomycin were used in combination. The final concentration of the penicillin or streptomycin was 100 units per mL. When used, 1 mL glutamine solution (0.2 M) was further added to 100 mL culture medium.
synthesis of YbPO 4 :er,Dy microspheres RE oxides dissolved by nitric acid in 80°C water bath conditions and (NH 4 ) 2 HPO 4 dissolved by deionized water were evenly blended. The solution was added to polyol solvent mixture of glycol and glycerol, and then heated at 180°C for 12 hours. The as-prepared products were washed with ethanol and deionized water several times, centrifuged at 8,000 rpm, dried for 24 hours at 80°C in the air, and annealed at high temperatures (600°C-1,200°C) for 2 hours.
characteristics of YbPO 4 :er,Dy microspheres
The X-ray diffraction (XRD) patterns were obtained with a RIGAKU, Tokyo, Japan D/MAR-2500 powder X-ray diffraction in the 2θ range from 10° to 80°. The reference data were taken from the ICSD (Inorganic Crystal Structure Database). Scanning electron microscope (SEM) and Energy-dispersive X-ray spectroscopy (EDS) characterization were performed by a JEOL Ltd., Tokyo, Japan JSM-6700F field emission SEM.
Fluorescence measurement was carried out at room temperature with F-4600 fluorescence spectrometer (Hitachi Ltd., Tokyo, Japan). Excitation and emission spectra were corrected for instrumental response. For the upconversion measurements, the solid-state 980 nm laser was used as the excitation source. Magnetic properties were performed using a 1.5 T MRI system (Bruker, Billerica, Massachusetts, Germany mq60 NMR analyzer) at 300 K. Ultraviolet-visible-NIR spectrophoto meter (Cary500; Varian Inc., Palo Alto, California, USA) was used to investigate the loading of MC540 and DOX onto the YbPO 4 :Er,Dy microspheres. The loading procedure of DOX was carried out using a similar method, and the loading amount of DOX was determined with the help of the calibration curve ( Figure S1B ) which plots the relationship between A 480 and DOX concentration.
Preparation of YbPO

Biocompatibility assessment of YbPO 4 :er,Dy microspheres
The human hepatocellular carcinoma cancer cell line (HepG2 cells) was originally obtained from the China Center of Type Culture Collection, Wuhan, China and cultured in RPMI-1640 with 10% FBS, 1% dual-antibiotic (the final concentration of the penicillin or streptomycin is 100 units per mL), and 2 mM glutamine.
MTT viability assay, a colorimetric measure of mitochondrial activity, was used to assess the biocompatibility of the nanospheres. HepG2 cells were cultured in a 96-well plate (Costar; approximately 5×10 3 cells per well) with 1,640 medium 
where OD control is the absorbance of negative control value (cells incubated without samples). All experiments were repeated four times and the resulting data were processed with statistical methods.
cell uptake of YbPO 4 :er,Dy microspheres
HepG2 cells were seeded in a 6-well plate (Costar) with a density of 1×10 4 cells/well and cultured in RPMI-1640 medium supplemented with 10% FBS, 1% dual-antibiotic, and 2 mM glutamine. After 24 hours of incubation in the incubator (37°C, 5% CO 2 ), each well was washed with sterile PBS, followed by addition of RPMI-1640 medium containing YbPO 4 :Er,Dy microspheres with concentration of 0.1 mg/mL. The cells were further incubated for 24 hours and the medium was removed. Then the cells were washed with PBS three times and fixed by 4% paraformaldehyde/PBS for 1 hour at room temperature for confocal laser microscope (FLUO View TMFV 1000; Olympus Corporation, Tokyo, Japan) analysis. The optical-section images at different depths were obtained by changing the focal plane of the confocal laser scanning microscope (CLSM). The removed media was collected and centrifuged at 8,000 rpm for 10 minutes to extract remnant microspheres not swallowed by cells. The mass of remnant microspheres was obtained after being washed with deionized water and dried for 24 hours at 80°C in the air. and Dy concentration, and the slope of the plot was determined to be the nuclear transverse relaxivity with a value of 65.578 mM -1 ⋅s -1 , which represents the efficiency of the magnetic material as a T 2 contrast agent.
Upconversion luminescence of YbPO 4 :er,Dy microspheres Figure 5A shows upconversion fluorescent spectra of YbPO 4 :Er,Dy samples sintered at different temperatures and characterized by using a fluorescence spectrometer (photomultiplier tube voltage of 700 V, excitation wavelength of 980 nm). We found that YbPO 4 :Er,Dy samples sintered at the temperatures below 800°C showed no significant upconversion fluorescence which may be due to their poor crystallinity, carbon impurities, and residual water or OH groups. Whereas for the samples sintered at the temperatures higher than 1,000°C, the fresh green-light emissions between 500 and 570 nm were observed to 2 With the increasing of sintering temperature from 800°C to 1,200°C, the emission intensity increases due to improved crystallinity of the microspheres, homogeneous distribution of Er 3+ ions, and absence of carbon impurities and residual water or OH groups. Figure 5B shows that for all samples with different lanthanide doping content, the green-light emission is much stronger than the red light. Although the samples doped with Dy 3+ have been proven to present excellent magnetic behavior, the introduction of Dy 3+ greatly suppressed the upconversion fluorescence of YbPO 4 :Er,Dy ( Figure 5B ). In order to obtain an optimized fluorescentmagnetic bifunctionality, we choose the Yb:Er:Dy =100:5:5 sample sintered at 1,200°C for further experiments including in vitro biocompatibility assessment and PDT test.
The upconversion mechanism was studied by investigating the relationship between the upconversion emission intensity (I up ) and excitation power (P). Figure 6A demonstrates the dependence of I up on P of our YbPO 4 :Er,Dy powder samples. The line of log (I up ) versus log(P N ) shown in Figure 6B is fitted according to the well-known Equation 2:
where N is the number of photons required to produce one upconversion emission photon and determined by the slope of the fitted line. In our study, all the N values were calculated to be approximately 2, indicating two-photon process for the upconversion emission.
To better understand the observed Yb 3+ to Er 3+ energytransfer mechanism, a schematic representation similar to our reported results of the partial energy-level diagram and the possible energy-transfer pathways is presented in Figure S3 . 
Biocompatibility assessment of YbPO 4 :er,Dy microspheres
Generally, the actual biological application of samples needs to address the question about its biocompatibility. Low or no cytotoxicity is one of the most critical parameters for ideal biomaterials. To evaluate the cytotoxicity of the asprepared sample, we used the MTT assay method to measure the relative cell viability. This method was widely used to measure the mitochondria activity to quantify cell death. The final results were expressed as the average of four parallel experiments ± the standard deviations (denoted as error bars in Figure 7 ) of cell viability. The "1" columns shown in Figure 7 demonstrated that a desirable cell viability of 95.15%±5.01% was obtained even at high concentration of ~1,000 µg/mL YbPO 4 :Er,Dy microspheres. The viabilities were 96.77%±4.45%, 97.47%±7.22%, and 99.32%±3.65% at concentrations of 500, 250, and 125 µg/mL, respectively, and not significantly different from the untreated control (100%). These data suggest that incubation in the presence of the YbPO 4 :Er,Dy microspheres did not significantly affect the cell viability, indicating favorable biocompatibility of the microspheres.
A region of HepG2 cells was observed by the CLSM microscope, which can handle living cells without causing damage to the physical and chemical properties of the cell.
In the CLSM images shown in Figure 8 , plenty of black spots were observed inside cell cytoplasm which cannot be seen in untreated cells (data not shown). Since CLSM images are optical-section images able to display threedimensional structure of the cells, it can be concluded that the YbPO 4 :Er,Dy microspheres were internalized into cells and located in cell cytoplasm. It is noticed that HepG2 cells maintained a fine spindle shape because the cell still adhered on the substrate even after internalization of the microspheres. Cell membrane also appeared clear-edged, further indicating the desirable biocompatibility of our products.
Many cell types have been reported to actively ingest microscale particles and the ideal size of microspheres for this purpose ranges from about 0.5 to 2 µm.
46-48 The particles
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Wang et al can enter cells through different ways including phagocytosis, fluid-phase, endocytosis, and receptor-mediated endocytosis. The main way is endocytosis although these ways have been shown to be performed simultaneously. 13 This is true of our YbPO 4 :Er,Dy microspheres which may be promoted by the transferrin component of FBS used in our study during incubation of YbPO 4 :Er,Dy with HepG2 cells.
The uptaking efficiency of YbPO 4 :Er,Dy microspheres was calculated to be 31.91% by Equation 3:
where m 1 is the mass of YbPO 4 :Er,Dy microspheres added in the incubation medium and m 2 is the mass of remnant microspheres after incubation with HepG2 cells for 24 hours.
Photodynamic therapy and chemotherapy of hepg2 cells
Excellent upconversion fluorescent properties, successful cell uptake, and low toxicity provide the premise for the prepared YbPO 4 :Er,Dy spheres to serve as light transducers in further PDT-related experiments. As mentioned above, PDT is based on apoptosis of cancer cells induced by ROS generated from the photochemical reactions between surrounding oxygen and PS excited by specific light. 33 For NIR-triggered PDT, PS absorb visible light emitting from the upconverting materials and then are excited to higher energy-level states. In order to acquire high ROSgeneration efficiencies, the wavelength disparity between PS absorption and upconverting materials emission should be as small as possible. As a result, MC540 that absorbs light just within the range of our YbPO 4 :Er,Dy emission band, ie, 450-570 nm, was selected as the PDT drug. Figure 9A confirms the small disparity between MC540 absorption and YbPO 4 :Er,Dy emission within the green-light-band range, and the antitumor mechanism of our YbPO 4 :Er,Dy-based PDT drug is schematically illustrated in Figure 9B .
Based on the results, YbPO 4 :Er,Dy-MC540 was developed as a PDT drug in our study by loading MC540 onto YbPO 4 :Er,Dy Figure 10A ). With help of the calibration curve ( Figure S1A ), the MC540 concentration in the YbPO 4 :Er,Dy-MC540 dispersion can be calculated. In contrast, no such peaks could be found in the non-MC540-loaded YbPO 4 :Er,Dy sample (black line in Figure 10A ). In order to evaluate the in vitro PDT effects of YbPO 4 :Er,Dy-MC540, HepG2 cells were incubated with YbPO 4 :Er,Dy-MC540 for 12 hours, and then exposed to 980 nm laser light (0.5 W) for 3 minutes. Satisfactory results of PDT effect were obtained by comparing the cell viabilities of the NIR-light irradiated group ("4" columns in Figure 7 ) and the non-NIR-light group ("3" columns in Figure 7) . As is shown, significant decrease (about 20%-30%) in cell viabilities was observed for all NIR-light irradiated samples even at the low YbPO 4 :Er,Dy-MC540 concentration of 125 µg/mL.
It is well-known that synergistic effects can be achieved by using different antitumor therapies because they are complementary rather than competitive with each other. In order to achieve an enhanced cancer-cell killing effect, DOX, a widely used chemotherapy drug, was loaded onto the YbPO 4 :Er,Dy spheres together with MC540 to obtain YbPO 4 :Er,Dy-MC540-DOX.
Similarly, the loading of DOX onto YbPO 4 :Er,Dy microspheres was confirmed by the orange color, which is characteristic of DOX, and an ultraviolet-visible spectrum of YbPO 4 :Er,Dy-DOX dispersion with the remarkable DOX absorption peak at 488 nm ( Figure 10B ). The DOX amount loaded on the YbPO 4 :Er,Dy microspheres was also calculated 
Wavelength (nm)
Absorbance ( The antitumor effect of YbPO 4 :Er,Dy-MC540-DOX was also assessed by cell viability using an experimental method similar to YbPO 4 :Er,Dy-MC540. As expected, even larger decreases in cell viabilities were observed for the YbPO 4 :Er,Dy-MC540-DOX-980 nm group ("4" columns in Figure 11 ) compared with the YbPO 4 :Er,Dy-MC540-980 nm ("4" columns in Figure 7 or "3" columns in Figure 11 ) and YbPO 4 :Er,Dy-DOX ("2" columns in Figure 11 ) groups. For example, with the same concentration of YbPO 4 :Er,Dy of 125 µg/mL, cell viabilities were measured to be 67.00%±1.89% and 47.05%±10.69% for YbPO 4 :Er,Dy-DOX ("2" green column in Figure 11 ) and YbPO 4 :Er,Dy-MC540-980 nm ("3" green column in Figure 11 ), respectively, but only 42.84%±2.36% for YbPO 4 :Er,Dy-MC540-DOX-980 nm ("4" green column in Figure 11 ). This enhanced antitumor efficacy may be ascribed to the synergistic effect of PDT and chemotherapy.
Cytotoxicity of free MC540 and DOX with a series of concentrations was investigated in order to clarify the disturbance-on-cell-viability measurement of these free ligands, which may be produced in the redispersion step of YbPO 4 :Er,Dy in PBS. As is shown, cell viabilities of free MC540 ("2" columns in Figure 7 ) and free DOX ("1" columns in Figure 11 ) are much higher than that of YbPO 4 :Er,Dy-MC540 ("4" columns in Figure 7 ) and YbPO 4 :Er,Dy-MC540-DOX ("4" columns in Figure 11 ) with equivalent MC540 or DOX loading amounts under 980 nm laser irradiation, indicating low cytotoxicity of free MC540 and DOX in YbPO 4 :Er,Dy-PBS dispersions.
To differentiate the dead and live cells, TB, which can detect the integrity of the cell membrane, was used to stain the dead cells. As is shown in Figure 12 , almost all the cells incubated with YbPO 4 :Er,Dy-MC540 were stained blue after 980 nm laser excitation, and a distinct boundary of illuminated area can be distinguished from the surrounding 4 :Er,Dy-MC540-DOX which may be due to synergistic efficacy of PDT and chemotherapy. The combination of visible emission generated by infrared-light excitation, magnetic relaxivity properties, and efficacy of antitumor effect affords the materials great potential in cancer theranostics including bimodal imaging and NIR-light triggered PDT. In spite of desirable fluorescent-magnetic bifunctionality and antitumor effect, the microscale size of our YbPO 4 :Er,Dy microspheres may hinder their use in clinical settings because particle sizes below 100 nm are generally required in order to avoid: blockage of blood vessels: uptake by macrophages that is too fast; and controlled clearance from the organism. Studies on reducing the size of the YbPO 4 :Er,Dy spheres are ongoing.
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